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Characterization of Multimode Fiber by Selective
Mode Excitation
Joel Carpenter and Timothy D. Wilkinson
Abstract—Each mode of a 2 km 50 m OM2 grade multimode
fiber is precisely excited at multiple orientations using a binary
phase spatial light modulator (SLM) to generate a detailed modal
description of the fiber and minimize modal dispersion over 4.5
THz of optical bandwidth.
Index Terms—Adaptive optics, optical fiber communication, op-
tical fiber dispersion, spatial light modulators.
I. INTRODUCTION
P RECISE modal excitation in optical fibers is of interestfor improving the transmission capacity of few-mode
and multimode fibers either by minimizing modal dispersion
in a single-channel [1]–[4] or as part of a mode-division multi-
plexing (MDM) system [5]–[15] where independent channels
of information are propagated on different modes, or groups of
modes. It is also of relevance to the characterization of novel
fibers [16].
The more precise methods [3]–[9] of modal excitation typ-
ically have been by way of systems similar to that outlined in
Fig. 1. With the exception of [3] which used a mask containing
both amplitude and phase information, the mask takes the form
of the phase of the far-field of the desired modal pattern. As
the modes are described by real-only functions, they have only
two possible phase states and hence the masks are binary, con-
taining regions of either 0 or phase delay. Although the ampli-
tude information of the far-field is discarded by such a method,
it can still be used to generate a good approximation of the de-
sired mode. This is true particularly in the context of few-mode
fibers, where the fiber itself provides additional spatial filtering.
A better approximation to the desired mode can be achieved by
including some amplitude information in the plane of the phase
mask by use of a circular aperture optimized for each individual
mode [4] or similarly by optimizing the mode-field diameter
(MFD) of the beam illuminating the mask. However this has
the practical drawback of requiring a physical adjustment of the
aperture and/or lens focal length for each desired mode. In any
case, the mode fields generated by such methods are still only
rough approximations and as the number of modes supported by
the fiber increases, it becomes increasingly difficult to maintain
selective excitation of individual modes. The ability of MDM
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Fig. 1. Basic arrangement for modal excitation in few-mode (FMF) or multi-
mode (MMF) fiber using a phase mask.
to offer significant bandwidth improvements is contingent on
its ability to use a great many modes. This requires masks ca-
pable of precise generation of the desiredmodal fields. Similarly
in the context of fiber characterization, it is difficult to perform
accurate measurements on highly-modal fibers without precise
mode launch.
In this paper, highly selective binary phase masks are calcu-
lated using techniques from computational holography which
generate modes of near perfect theoretical quality under the con-
straints of the system it is to operate in. That is, all modes can be
excited at will with the same physical system, without the need
to optimize focal lengths or aperture sizes.
The rotational dependence of modal performance has also
been largely overlooked by previous work. Although the ori-
entation of the mode is arbitrary and rotationally invariant for
an ideal fiber, any actual fiber will have this symmetry broken
by bends, twists and other imperfections in its geometry. This
is similar to the way orthogonal polarizations, which ideally
are completely degenerate, in practice propagate differently.
Rotating the modal profiles is impractical using etched phase
masks, which would need to be physically rotated, but is trivial
when implementing the masks on a liquid-crystal based spatial
light modulator (SLM).
The modal characteristics of the fiber are also investigated
over wavelength, spanning the C-band, to verify that a single
phase mask at a single shared orientation is capable of oper-
ating over a wide optical bandwidth for use in applications such
as DWDM but also for measuring chromatic dispersion of indi-
vidual modes and providing an estimate of the refractive index
profile and peak dopant concentration.
II. MODE GENERATION
When selectively exciting modes in a fiber using a phase-
only mask some variation of Fig. 1 is typically employed. Light
from the laser source, usually a single-mode fiber is collimated
through the first lens of focal length . This beam may or may
not pass through an aperture before transmitting through, or re-
flecting off, the phase mask which may be implemented as a
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Fig. 2. Comparison of different mode excitation techniques. (a) Ideal launch
with full amplitude and phase information. (b) Phase-only of the Fourier trans-
form of the desired mode with an aperture of optimal diameter [4]. (c) Same
phase mask as (b) but with optimized Gaussian beam waist diameter. (d) Mask
calculated by simulated annealing.
fixed etching on glass [3], [7]–[9] or on a liquid-crystal based
SLM [4]–[6]. The beam is then refocused into the output fiber
through another lens with focal length which has typically
been equal to [4], [6]. The mask itself has previously taken
the form of the phase of the Fourier transform of the desired
mode profile and as fiber modes are similar in both the near
and far-fields, these profiles are nearly identical to the modes
themselves. However encoding only the phase information in
the plane of the phase mask (near-field) and discarding the am-
plitude content results in a far-field pattern which only approxi-
mates the desired mode. As mentioned in the introduction, some
additional amplitude information can be reintroduced by the use
of an aperture [4] or by optimizing the size of the beam waist
illuminating the mask by adjusting the ratio between the focal
lengths and of Fig. 1.
A qualitative example of these approaches can be seen in
Fig. 2(b) and (c), respectively. When compared to the ideal
case of Fig. 2(a) these methods result in undesirable side lobes
and other artifacts which distort the quality of the mode. When
working with a few-mode fiber [5]–[9] the fact that these pro-
files much more closely resemble the desired mode than any
other supported mode of the fiber means the selectivity of the
launch is still very high. The field may not have an ideal overlap
with the desired mode, but it has virtually nonexistent overlap
with any of what are few other modes of the fiber. Hence the
power not in the desired mode simply becomes a coupling loss,
rather than an excitation of an undesirable mode. However as
more and more modes are supported there is less and less spa-
tial filtering being performed by the fiber itself and it becomes
increasingly likely that this remaining power will overlap with
an undesired mode and degrade the selectivity of the launch.
In particular it becomes increasingly difficult to distinguish be-
tween modes with similar symmetries, for example and
, or and .
The technique employed in this paper uses a “simulated an-
nealing” [17] based algorithm to create a binary phase mask
which better approximates the desired field as can be seen in
Fig. 2(d). The algorithm starts with an array of pixels in random
states and optimizes by flipping random pixels one at a time,
evaluating the corresponding change in the overlap of the far-
field with the desired mode in a region slightly larger than the
core of the fiber, and makes a decision on whether to accept or
Fig. 3. Comparison of modal performance of masks generated using simulated
annealing, and those of the simpler methods illustrated in Fig. 2.
reject the change based on the statistics of simulated annealing.
To accelerate computation the algorithm is implemented on a
graphics processing unit (GPU) which allows all the modes of
the fiber to be calculated in parallel. In Fig. 2(d), it is apparent
that in contrast with the methods of Fig. 2(b) and (c) the noise
power has been distributed away from the core resulting in a
highly selective launch. This method also works to optimize the
phase mask under the constraints of a shared beam waist for all
modes. Hence any mode can be excited with similar selectivity
simply by reprogramming the SLM displaying the phase mask,
without any mechanical change of the aperture or focal lengths.
It also allows high selectivity to be maintained when using “off
the shelf” optics where only discrete focal length options are
available.
Fig. 3 is a quantitative comparison of the methods for a stan-
dard 50 m core graded-index multimode fiber at 1550 nm. De-
generate modes are grouped together. For example power cou-
pled into either of and corresponding to orthog-
onal orientations of the same mode, are both tallied under as a
single value for . Selectivity in this context refers to how
much total power is coupled to undesired modes relative to the
desired mode. Isolation is more relevant to MDM applications
where eachmode of the fiber is excited simultaneously with sep-
arate phase masks. Here isolation refers to the ratio of power
coupled into the desired mode using the relevant phase mask,
with the sum of the power coupled into that same mode due to
all other phase masks, where the power of the mode excited by
the relevant phase mask is held constant across all masks.
The aperture optimized results are for a plane-wave illumi-
nating a phase mask with a circular aperture, the diameter of
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which has been selected to optimize the total power in the far-
field which is coupled into the desired mode. This corresponds
with the example of Fig. 2(b). Similarly the beam waist opti-
mized results illuminate the same phase masks as for the aper-
ture optimized case but with a Gaussian beam selected in a sim-
ilar fashion and without a circular aperture. This corresponds
with the example of Fig. 2(c). The simulated annealing results
use a fixed Gaussian beam with mode field diameter (MFD) of
77% the width of the phase mask for all modes. The calcula-
tion also includes the slight truncation of the beam by the fi-
nite extent of the phase mask. The optimized aperture and beam
waist approaches can achieve decent results for some modes but
worst-case selectivity and isolation is around 7 dB. If a fixed
beam waist for all masks is employed of the same diameter as
that used for the simulated annealing case, the selectivity drops
to a worst case of less than 0 dB. That is, the mask is exciting
more power in undesired modes than the desired mode. It is dif-
ficult for these simpler phase masks to maintain selectivity over
a wide range of higher and lower order modes using a common
illuminating beam size.
Clearly the simulated annealing approach yields superior re-
sults with both isolation and selectivity in excess of 38 dB for
all modes and it does so without any requirement to tailor the
optics of the system for each mode. It is also worth noting that
the optimization process for the simulated annealing algorithm
aimed to optimize the overlap with the desired mode in a given
region near the core of the fiber, rather than directly optimizing
the selectivity or isolation. Hence it could be possible to achieve
higher theoretical quality using a more direct approach. How-
ever such high isolation and selectivity is already beyond what
is likely in any real system particularly due to mode-coupling
in the fiber, but also due to tolerances and imperfections in any
actual implementation.
Examples of the actual far-field observed for some different
calculated phase masks displayed on an SLM are shown in
Fig. 4. In Fig. 4(c) it is possible to see the faint presence of the
zeroth diffractive order of the SLM. This is a Fourier trans-
formed version of the beam which illuminates the SLM and
corresponds with light which has passed through the system
without being influenced by the pattern displayed on the SLM.
Imperfections in any actual system, such as dead space between
the pixels, unwanted reflections or imperfect polarisers will
give rise to some proportion of the light being undiffracted and
travelling directly along the optical axis. This can be mitigated
by use of better quality optics, particularly the SLM, or by
offsetting the modal pattern from the optic axis. Offsetting
the pattern would result in a slight drift in the position of the
mode over wavelength and if the mask was constrained to
only two phase levels an offset would also incur a 3-dB power
penalty due to the conjugate symmetry property of the Fourier
transform of a real-only function.
III. EXPERIMENTAL INVESTIGATION
A. Mode Excitation System
The system used to selectively excite the modes of the fiber
is shown in Fig. 5. It starts with a C-band tunable laser which
is modulated by a Mach–Zehnder modulator (MZM) driven by
Fig. 4. Examples for three different modes (mode-group ).
Theoretical near-field distribution (top) with experimentally observed far-field
(bottom).
Fig. 5. Experimental setup used to modally characterize a multimode fiber.
either a pulse pattern generator (PPG) or vector network an-
alyzer (VNA) depending on the experiment being conducted.
The signal is then amplified by an erbium doped fiber ampli-
fied (EDFA) before passing through a variable optical attenuator
(VOA). Next is a manual polarization controller which aligns
the state of polarization leaving the fiber with that required to
be transmitted through the polarizing beam splitter (PBS). The
beam leaving the fiber is collimated through the first lens and
passes through the PBS onto the SLM which is programmed
with a phase mask corresponding to a particular mode at a par-
ticular orientation as detailed in the previous section. The ferro-
electric liquid crystal based pixels of the SLM independently
modulate the polarization of the incident beam between one
of two states which upon reflection back through the PBS be-
comes a binary phase modulation. This beam is then Fourier
transformed through the final lens which produces the de-
sired mode at the core of the fiber under test. The fiber in this
instance is a 2 km length of OM2 grade multimode fiber which
has been measured to have an overfill launch (OFL) bandwidth
of 940 MHz at 1548.5 nm (193.6 THz). At the receiving end,
the fiber is coupled to a short length of 62.5 m core multimode
fiber connected to a custommade device based around a 10 Gb/s
PIN photodetector (Finisar PIN-1310-10LR-SC) which is con-
nected to the oscilloscope or VNA.
When conducting experiments using the VNA, the wave-
length is swept across the C-band in 10 steps of 500 GHz for
each phase mask for a total of 325 masks corresponding to
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Fig. 6. Dependence of the 3-dB roll-off frequency on the orientation of the
mode. (a) An example of this dependence for the mode. (b) 3-dB fre-
quency for all 325 holograms representing all modes at various orientations.
25 modes spanning 9 mode-groups each at 16 different ori-
entations. The EDFA is automatically adjusted by the control
software to keep the power at the receiver constant regardless
of the phase mask. The raw uncalibrated data is downloaded
from the VNA and the response of the MZM, EDFA, and
photodetector are all removed by a wavelength dependent
calibration applied externally in software. Although the VNA is
capable of measuring up to 20 GHz, due to the heavy frequency
roll-off of the MZM and photodetector at these frequencies and
the sensitivity of the VNA, it is only possible to calibrate the
system reliably up to around 18 GHz.
B. Rotational Dependence on Modal Performance
In an ideal fiber the degenerate forms of a mode are com-
pletely identical in performance and the choice of orientation
for a mode launch is completely arbitrary. In reality bends and
twists in the fiber as well as manufacturing imperfections break
this symmetry and different orientations of the same mode may
not perform exactly the same. Take for example Fig. 6(a) where
an mode at 1548.5 nm has been launched into the fiber at
16 different orientations. This rotational variation is also visible
in Fig. 6(b) where the 3-dB roll-off frequency of that mode is
shown to suddenly dip down to around 7 GHz for a few orienta-
tions. By rotating the mode to find a preferential axis of orienta-
tion it is possible to minimize modal coupling and achieve better
performance in the context of telecommunications, or more ac-
curately measure the modal properties when characterizing a
fiber.
C. Modal Characterization of the Fiber
The refractive index of the core of a graded-index fiber is
typically modeled as
(1)
where is the radial distance from the centre of the fiber,
is the peak refractive index, is the total radius of the core,
is the profile height parameter and is
the profile parameter which is typically about 2 so as to mini-
mize the difference in propagation delay between the different
modes of the fiber. In the simplified case of a parabolic profile
which extends to infinity without any constant refrac-
tive index cladding, the solutions of Maxwell’s equations for
the fiber can be solved analytically and modes can be organized
into mode-groups which have degenerate propa-
gation constants and group delays [18]. In reality, the existence
of the cladding breaks this degeneracy; however modes within a
mode-group still share almost identical propagation constants,
leading to strong mode-coupling. The spread of group delays
within a mode-group induced by the cladding is more signifi-
cant for the higher order modes which have a larger proportion
of their field propagating in the cladding.
By individually launching each mode at multiple orientations
it is possible to measure the modal characteristics of the fiber.
Fig. 7(a) and (b) illustrate the same measurements of the fiber
response measured with a VNA in both the frequency and time-
domain representations where the mode has been orientated so
as to maximize the 3-dB rolloff frequency for that mode. The
first 6 modes, corresponding with the first four mode-groups,
have clearly defined propagation delays. Modes within these
groups share almost identical delays which are distinct from the
delays of all other modes. Moving towards higher-order groups
there is a trend of increasingly poor performance which can be
seen in the time-domain as more diffuse peaks with less con-
sistent mode-group propagation delays, and as a faster rolloff
in the frequency domain. The modes of group 9 arrive with a
wide spread of delays, but delays which are distinct from the
other groups. Even in the absence of modal coupling between
different mode-groups this could be expected due to the skew
in delays induced by the cladding as mentioned above and as
visible in the green simulated constant no-defect example of
Fig. 8(b).
D. Modally Resolved Chromatic Dispersion
By sweeping the wavelength of the laser it is possible to mea-
sure the chromatic dispersion of the individual modes as shown
in Fig. 8. In this case each mode has been launched at its optimal
orientation for that wavelength. Although the chromatic disper-
sion of individual modes has been measured before [20]–[25],
this is to the author’s knowledge the first time more than 5
modes have been characterized.
Although the actual constituent glasses of the fiber under
test are not known for certain, as a reference the measurements
to follow are compared with theoretical calculations based
around a fiber with a GeO doped silica core inside a pure silica
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Fig. 7. (a) Normalized frequency response for all 25 modes at their optimal
orientations at 1548.515 nm. (b) The Fourier transform of those same frequency
responses representing the impulse response in the time-domain.
cladding. The fiber is assumed to have a doping profile which
is similar in form to (1)
(2)
where is the concentration (% mol) of GeO as a function of
radius, which drops from a peak of at the centre of the
core to 0% where the core meets the pure silica cladding.
The chromatic dispersion of the lowest order modes is almost
entirely due to material dispersion and as a consequence, they
are useful for providing an estimate of the peak dopant concen-
tration in the core, in this case it is consistent with a concen-
tration of approximately 13.5%. The relative propagation times
of the other modes imply an value which for the delays mea-
sured suggest . GeO doped silica is less dispersive
than pure silica [18] and it can be seen from Fig. 8(c) that the
chromatic dispersion of the higher order modes slowly increases
as more of the mode propagates in the outer core and cladding
with lower dopant concentration. As the mode order increases
however the waveguide dispersion becomes increasingly nega-
tive [25], at first gradually, but dropping sharply as the modes
near cutoff. In Fig. 8(c) this can be seen as the sudden drop in
chromatic dispersion for the highest mode-group signifying that
it is nearing cutoff.
The simulated results do not take into account mode coupling
of any kind and the early arrival of the higher-order modes com-
pared with that expected of a constant could simply
be due to coupling between these mode-groups. This technique
cannot distinguish between modes that arrive early or late due
to coupling between mode-groups induced by bends and twists
in the fiber and any deviation in mode delay which may occur
Fig. 8. Change in propagation delays for each mode over a 4.5 THz optical
bandwidth. (a) In terms of total delay relative to the fundamental. (b) Measured
delays at 1548.5 nm compared with some simulate refractive index profiles out-
lined in (3)–(6). (c) Normalized on a per km basis and compared with that ex-
pected of a 13.5% GeO doped fiber with a constant profile pa-
rameter. Chromatic dispersion is derived from difference in delay measured at
1564.68 and 1528.77 nm in (a).
due to refractive index profile defects skewing the group delay
and/or propagation constants of the modes. As the actual refrac-
tive index profile of the fiber is unknown, the simulated results
of Fig. 8 are given as a reference to illustrate that the experi-
mentally observed results are consistent with realistic profiles





“Core-Cladding Mismatch.” This defect is qualitatively similar
to that present in fiber 40 of the 108 fiber model used to quantify








where the radially dependent has been fitted to the experimen-
tally measured delays using 11 equally spaced points across the
core which can take independent values. The regions of the
core between these points have values which are linearly in-
terpolated between these sample points. The resulting fit starts
with at the centre of the core, mostly rises to a peak
of 1.844 at 17.5 m before falling to a level of 1.831 at 20 m
where it approximately stays until the cladding. For all simu-
lated profiles the cladding is given by
(6)
E. Improving Modal Dispersion Over a 4.5 THz Optical
Bandwidth With a Single Mask
Finally, the ability of a single phase mask to combat modal
dispersion over a wide optical bandwidth is demonstrated.
Fig. 9(a) contains the 3-dB roll-off frequency for each of
the modes at 10 different wavelengths across the C-band. The
modes share a single launch orientation which has been selected
so as to optimize the worst-case wavelength. The general trend
is consistent across the band; the first four mode-groups offer
high bandwidth whilst there is increasingly poor performance
for the higher-order modes. Although even the worst mode is
still superior to the overfill launch condition. If a single strong
modal-coupling event occurs somewhere along the fiber, say
near the launch, it will cause a sharp null in the frequency
response corresponding with the difference in propagation
times of the two modes over the remaining distance. If coupling
occurs in a more distributed fashion, there will still be a dip in
the frequency response but it will be smoother, perhaps more
akin to that visible in Fig. 6(a).
Due to the fact that the mode groups are approximately 140
ps apart there is a tendency for performance to have a dip near
7 GHz, with the depth of that dip depending on the degree of
modal coupling. It is for this reason that so many of the modes
have 3-dB roll-off points in the vicinity of 7 GHz. It should also
be pointed out that although there is some genuine wavelength
dependence to the frequency response, an example of which is
shown in Fig. 9(b), when summarized in terms of 3-dB point as
for Fig. 9(a) there is also noise in the measurements themselves.
That is, even repeated measurements at the same wavelength
give variations, particularly for mode-group 5 where mode-cou-
pling is only just sufficient to cross the 3-dB threshold and re-
mains flat near this threshold until approximately 15 GHz as can
be seen in the purple series’ of Fig. 7(a).
In addition to the frequency response measurements of Fig. 9
the suppression of modal dispersion was also demonstrated by
taking eye diagrams for each of the wavelengths for the two best
performing and lowest-ordermodes; and and this is
illustrated in Fig. 10. Although cannot be rotated,
was rotated so as to maximize the eye opening at 193.6 THz
Fig. 9. (a) 3-dB roll-off frequency where each mode is orientated such that a
single orientation maximizes the 3-dB point over the whole 4.5 THz bandwidth.
(b) An example for the mode at the same wavelengths as (a).
Fig. 10. 12.5 Gbps eye diagrams over 2 km at dBm over a 4.5 THz band-
width for the and modes, with a shared orientation for all wave-
lengths.
and the same orientation was used to take measurements for all
wavelengths. It can be seen that the mode is more stable
over wavelength than the , although both modes manage
to keep the eye open over the entire 4.5 THz band.
IV. CONCLUSION
This paper has demonstrated the use of binary phase masks
with near perfect theoretical modal selectivity for the charac-
terization of optical fibers and the suppression of modal disper-
sion in a single channel. More sophisticated phase masks will
also become increasingly important in the context of MDM as
the number of channels is increased and maintaining isolation
between the modes becomes more difficult. By optimizing the
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orientation of the modes, mode coupling was reduced, which is
not only beneficial for telecommunications, but enables more
accurate measurement of the modal characteristics of the fiber.
Characteristics such as the propagation delay and chromatic dis-
persion of individual modes which in turn provide an estimate
of the refractive index profile of the fiber.
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